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Abstract - Electro oxidation system was designed in this study for the reduction of COD (Chemical Oxygen Demand)
from high-strength wastewater, produced during refinery turnaround period. First, BDD (Boron Doped Diamond) elec-
trode was synthesized and electro oxidation system of actual industrial wastewater was developed by adopting the syn-
thesized BDD electrode. The experiments were carried out under various operating conditions under certain range of
current density, pH, electrolyte concentration and reaction time. Secondly, reaction kinetics were identified based on the
experimental results, and the kinetics were embedded into a genetic mathematical model of the electro oxidation sys-
tem. Lastly, design and operating parameters of the process were optimized to maximize the efficiency of the pretreat-
ment system. The coefficient of determination (R?) of the model was found to be 0.982, and it proved high accuracy of
the model compared with experimental results.
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o] TollMk HZ 713kt o] vhakst AdEoklA A&
war glom, = A FofellA A7)sketA] Wl vigt At =
7¥etar Qlvk. 71348 A= dlarek 5 A=l ]|
= 7kl 29w AEshs o w dArRel, A71eA, A7
& B A9 A Fol 2]

I FeME A7) EelE }%ffi EE T AAes AYas
o] a1, X7} A atar, 37do] Fhdahe, oA g&o] sxthe
3ol ol 1990t o] §- AlEA 0% A wo] Yrh(3]

A71E3ME o] 83 A2 $HoNN 7= 2 edE 1% 24
ARG 9l 717 Akshikgol| olaf AlA = A3 A2 #l 4
9] QA=A A= A Ale]oA At go] A4 A 07 o] F
o= 715k uk-goleh. 11 4SS A=l hydroxyl
hypochlorite, 2E3} #AFs}G2 9} 2HE AlsA| 7} whAsto] H)<5
L F=AI} 22 & X FITE BEASHAIES 187 W (in sﬁe)oﬂfﬂ
AgE]o] ol4-wrh4). 53], & 2814 COD (Chemical Oxygen Demand)
2 EAEAE A f131A= anodeol|A] ATEREg-0] 2185 of
of s oluj] = ZulEd R Pt, graphite, PbO,, SnO,, IrO,, Pt-Ir,
RuO,, glassy carbon, fiber carbon, MnO,, TiO,, boron-doped diamond
(BDD) 50] == ARZ-#U}H5].

718 AR =02 ARSE = FE AR HER (TS

710 2 slo] 3}8k 7173 S5&(CVD, Chemical Vapor Deposition),
sol-geld], 2~3z8lo] IR Fo= P9 T& S-S0t} ol
=725 DSA (Dimensionally stable anodes)d=o]2}al shH v}
o] of g eAtoll A JNdE o] gkrhe]. 1980% T Sharigan¥} Kirki=
PbOE o8-8 f7]& Abshiks A7-E 35 Bl sk aL[7], 1990
Ao S Comninellisi= Sn0,5 2 34tsiE-gol] A-g-31 A& 1t
HE3FATHS]. 19931 Tennei= 2 2.% BDD cathodeE ©]-8-3F 2

A= AA Oﬂ%ué% B33 3[9], 1995 Carey™= anode® BDDZ
=& ARgete] f71E AlskRks A7 S Barsieith10].

7= FEAdskel gk ek Rele A 7 A Comninellis

ofl 2JaiA A= QAT 11,12]. o] 2k Z)3Akskel hydroxyl radicals:
0] &3t 570 Abshke: 117 BFd.om, 7 Absh= o] ok=
71 3tell ZS = It} Canizarest= 178} ¥H-3-718 253 &=
Whg o) )5 ZPALE) Slofuks WAl 37 gefow
o] Bdlg S 185k ©1[13], Masciat= BDD % =0l 4] 2]
hydroxyl radical?} +7]& &4tel] o st Absiath-g ZAE S A8}
SITH14].
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A3 2 vo
ol ¥ A

A SlaE vr
ofl & v127] upe] 29} &
3 3 A%} Aol H4st o)
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Table 1. Oxidation power of the anode material

ol A3 na v 445 341

o & 5o - HEA W (response surface method), -2} &3t
2] 5 (generic algorithm), simulated annealing, particle swam optimization
o] gltH15].

AG7HA theket S50 AbshE A= ol gete] f71E 2 2%
E2 AA Oigt A7t sllelE B2 AUl E FdE gt 11
eut, AR AHlTE A4 2gete] AR o= A2 gloH, 5
8] A5 o] &3 AV]wsl A E R star, vheFst A B 2
ARG2] HAgE 218sh A A5-gk Aot whaba] 2 A

oAM= Aol A, B 717tel sk et w2 Hle
£ Aglatr] flsto] M715eE o] &3 Al W 5 AV E
ol-&st I M FAFE Al A&t o] Ad9E EvjE 2el

4l HAglegitt. o] & fJ8iA 41 H ]—rﬂ‘j/] Al ARE-E= TR

I U 5= A SE it v oz v S

= o]g-sto] Thakst zxistel] A7)Esl As xastkar, vk

o] 757 A4 2] FHH(TN, Total Nitrogen), COD 52 5%

gt o] 5 Fall Fojx AFAE v O R Comninellis K.
Aol 2-g-ato] AFEE, pH, Mald ol ukE COD E%% ©ll
533t} B3t response surface method S ©]-8-5F1 COD A A &3}
theket A W AWM dAEAE s 98 AEAEE

231 aL, o] AHE 22} vk O % 3734 (regression) 3HATE
vixto 2 COD A AE2] Haks 7+317] Levenberg-Marquardt
AuEEE o]g3te] &gk T3

2. A1

2-1. Mathematical modeling

F71& Ak 542 f7]15S CO,E 4 AFSIAI7| A,

A=ZE QA Faldt 4R AEA7]E vk I FelM s
Hydroxyl radical& ©]-&-3F 71& AFsIRES-2 K- HES-Q1 Abar) 2
Y= OER (Oxygen Evolution Reaction)?} &7 Lolwti16,17].
Hydroxyl radical®] /& A=532] Adg 2b-g-of upel A Eet

Rt Ao Zgsl= glo] ok E ks whEQto] =] ufEo
OERYI--& 0|51, f718E ABSEE-2- Soldt), =] i Al
3} -7} o) Table 19 YERASITH18].

3Rl oo Absleo] e =22+ 10,5 o83t A2
T2 A, 10,2 hydroxyl radical?Fe] 2H-4-sh= 3lo] 7sl7
el & AP ElR] 10,7 /3|t vhde) oF=e] Aksheo
=2 A2 A=3 hydroxyl radical?Fe] 2-8-6= §lo] eksh7] w)
of, OERRIE-8] &7} stom], f{7]E Abshik-go] Kt wWol
oJuA rH19].
PbO,= T2 Ti7 |2l TR sto] AMgah, M7 U =7} 80~160 A/m?
Q1 ol A AksliEg-o] ot PbO, = 2] O & Ql3te] pb**
o] o] A E U A o & ThAo] A e, &3z o]7] wite

10 Md o

Electrode Oxidation potential (V)  Overpotential of O, evolution (V)  Adsorption enthalpy of S-OH  Oxidation power of the anode
RuO,-TiO, 1.4~1.7 0.18
1rO,-Ta,04 1.5~1.8 0.25
Ti/Pt 1.7~1.9 0.3
Ti/PbO, 1.8~2.0 0.5
Ti/SnO,-Sb,05 1.9~2.2 0.7
p-Si/BDD 22~2.6 1.3
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Table 2. Comparison of the performance of different anodes

24

d_o‘

Anode Pollutant Current density (A/m”) Current efficiency (%) Removal efficiency Comment Reference

Phenol 300 - 6~17% pH 12, initial concentration 1000m g/LL [21]
Pt or Ti/Pt Ammonia 8.5 53 95% pH 8.2 [22]
Glucose 100~900 15~20 30% 1 M H,SO, [23]
PbO, Aniline 2A 15~40 >90% in 1h pH 2, initial concentration 2.7 mM [24]
Phenol 1,2,3A - 46~80% Initial concentration 14~56 mM [7]
Phenol 300 - 40% pH 12, initial concentration 1000 mg/L [21]
Ti/PbO,  Landfill leachate 50~150 30% 90% - [25]
Glucose 100~900 30~40 100% 1 M H,SO, [23]
IrO, Chlorinated phenols 0.6 54 - Na,SO, [26]
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C.H,0.+(2x-2)H,0 >xCO, +(4x+y 722)H+ +(4x+y-2z)e"
“
jlim = anmCorg (5)

A (5 S 715 AbsES-ol] the S F U S (A/m?), nS
F7 15 Aol F Q3 WA, Fe s dlo] A<(C/mol), k>
SAAGAT ), C i H5 W F71E2 5% (mol/m’)°]t}. 2]
@), (5y= o]&-3to] COD L9} AIZE 1] W SAIARULEE T
8 = glom =09 27| EAAFUE(Y,, 1= thek 2k,

inm = 4Fk,COD’ (©6)

21 (614 CODY= =0 o COD F5Z vehdith. 238 3%
2] ¥1-§-7] (batch reactor)el|A] 74 F-(galvanostatic) A E| = ©]F

1, FA AR e e T2 (<, BEAEe] 9=
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2-1-1. Electrolysis under current control (j <j;;,,)

ARl W g 43 e Aty
A7 1= ARl 2o 7] ol AFEE-E- 100%0 ] o] o] whE
COD AIAEEE 4 (6= ©l-83t T}—ﬂr o] yeRrdiiti11].

.0
_ diim _ 0

r= oy ok, COD ™
01714 r& COD7} A7 ¥ 45 (mol O,/m? )5 LFERYH, at= j/
Jiprer WHERITE, 313224 WEE7]0llx 2] AlRtel] thE CODE s &
43 5171 $1814i= COD mass balance= Leqaﬁo]: s}, wks7]9)

FIE V), AFHEAS AmI)ERL 89S o S84 W]
o|412] COD mass balance?-> tha-3} ZTH11].

VC.‘L%%Q) =—rA )
2 (7), )& o183te] Al3tel thE CoD §55 24 (9l Hehigl
th11].

d(COD) _ COD'AKk,

dt Y ©)
Z271Z24 =04 ¥l COD ¥ coD%a 3P £19 4 (9E 4
e 4ol AFEET A Emﬂt} g ) A7t
COD %% U7 2ol vephd 4= SIti11].
Ak
COD(t) = COD°(1 —av'"t) (10)

9] Wk 7= A5
critical time (t,, Y71 X154%]

2-1-2. Electrolysis under mass transfer control (j>jy;,,)

PhA) AR AR 2 A9l BE AR T}
F71% Abghib-g-ell 220]4] ¢ka1, OERWHE- 7} 22 - nk-go] eo]
7] wiitell AFago] HaehA| grk. o]@ $ 74-9-olli= COD mas
balance:= T3} 2T 11].
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Table 3. Equations that describe chemical oxygen demand (COD)
(mol O, m™)

Chemical oxygen demand/(mol O, m™)

j<j]im = 0( _ A_km)
Electrolysis under current control Cob( = COD{1-a A% t

j >jlim

. Ak _
Electrolysis under mass COD(t) = ocCODexp( V"’t+ 1_(12)

transfer control
d(cop) _ Ak, COD
( dt )= % (12)

r-{m

t=t, 2 W COD ¥%= aCOoD’ 2k ahd 2] (12)0] qm A _g_
T 5 Stk o 145'—*‘94 Z7N3308 AR sARFEES)
7%]-;(]: /\]7]— =t, o]uq (11}_ olg3) AT} AT

EHT S ) AR 1 COD FEE &
ATH11].

_ Akm 1-o
COD(Y) = aCODexp(- -+ =2 (13)

919 2714 -9l tiatoe] Alztell whE COD F% 21 Table 3¢
“gelsialtt.

2-2. MEUE

2-2-1. /K]tﬂ ZHJEJ— 1 Ho]-t‘l:-]

14-dioxane> 2H #HFH FQH1F Folx] E38] HAEE &
LAEA F R FUHOoR f71EHY SuEA] dE] 2]
Qo {71532 Ak Foll 7R o= AT = gt 2
ol M= BE Aol A 750 ml2] ultra-purified waterol] l,4-dloxane—€
351121, supporting electrolytes® Na,SO, 1~10 mg/LE ¥

A ARESE 7 wheE, AFT A 2 RS Fig. 19
LFERJIA T, HH-g-Zolli= digital water bathS A X| ko] 4 o] &
7F AR A= 5 AT Ee20] 872 750 mioH, 7}
A=) HA L ‘ﬂ'%ZJ LS 1831 40 mmx40 mmx2 mm2]
A71& A7t stlek. Aol AR el gk 7] Akl
Table 42} 2™, =2 SEM (Scanning Electron Microscope) ©|
v|Z) & Fig. 2o VFERAISITE A3 Al 18 mmE A8 o.M,
digital regulated D.C power supplyS AF-31o] A3 /S 74

»H_

RO REOULATED POWER SUPPLY
o e ;

DIGITAL WATER BATH

Fig. 1. Schematic diagram of experimental apparatus.

sk Aeegel Lay 9 H4s) 343

Table 4. BDD electrode spec

Dimension 40 mm>40 mmx2 mm
Substrate Niobium (*'Nb)
Deposition Boron doped diamond
Boron conc. 3000ppm
Film thickness 6 um

T
=
olo

o I

s ARALS FHs] A9 Wk St
2 Fls s, w57 A Aol 2 2 Exkslel
doju}7] 5171 $13l magnetic stirrerS- AE-5FATH Al F.2] A

iz o

ﬂlll:l
o Ol
flo 2

30~60+ mct AN 3E oH, HEGAIRERS 204

2 AT

[\

7.

2-3. Response surface method

2-3-1. Response surface method

Box?} Wilson®] sl Wl HE-§- P2 k2 Q157
IRE ko) A5 AR-g-o] HE-2-(response)©ll T 11_ éﬁ%k% oA,
E;ﬂ?@ﬁ _‘:,L/Hf;]-o:] ﬂﬂﬁ}ﬁ __‘2_7-1 O-]o]1,H7] 0] 5] lﬂ
t}, alurA o 7 Ao thst QJ,]__ FEAHoR 3 z‘sﬂ_é}-ﬂ 3= Ao
tiolek, sHAIRE A FlellM AL Aol eJsto] SRS} T

T Atele] #AIE 5T o vk HA2AE 7 5 ] o
ol HEgEAA o] A8tk & 4= Qlok RES A ] ol A]
7Hg @l 2olE W2 T4 3 A2 (CCD, central composite
design)¥} Box-Behnken design (BBD)7} $1t}. BBDHH 2 22 3]
Fo] Ao R #Ao] 7hssl] wiikell a&2o]a, vk WY
RS sldska wj ks 2o il 7Skt Rbde] CcCDe
BBD}.U= 12 3179] A dlo] A esAnt 24 o HAshd ghs
= ATH28].
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Table 5. Relationship between coded and actual values of a variable

Code Actual value of variable
-B Xmin
-1 [ T X 2] = [Rppe = Xpin)/201]
0 e T Xppin)/2
+1 [ T X 2] + [Rppe = Xpin)/201]
+B Xmax

A3 x}g—h— MATLAB iiE?](ﬂ = AHg3ke] BAEHg T 2%

vkl o2 Faiglnt. 2 Aol ﬂ%fﬂ FHFAADY Z=5

Table 5ol GERNS 1 [30], th=-2] 4]
olo] ATTHAIE 471 Sl @%*}925}.

o 7-1'\‘_‘{[\_94_5':_% L_T ]'

4
j=it 1biiXX;

(14
= b= AR, b, b, b
150 B9l Aol 27 T
4 1 R%ES Takolom, 3aked 1
W2 Bajol 2 wsrse] 434S Palsisit.

3-1. MET0 wE EM
211783} 2.1 2804 A58 AES o453l A7l uk2 COD
FEE o Z3gIT). A7188 Tl ARUES A7) Hk)

o= =1
el g5 ES 248 5 9] ool Fig, 3o

=

oA -

© o
+ AFUEE " S o] A7t w2 coD Wl 9 dFa
& A8 A et ARUES JEs aEs] Ast
o] &% 25°C, pH 5.5, Na,SO, &% Sg/LE 11743k 7oA =l
YL 233 AFLE 5 mA/em?oll A 204]7Fo] Ay
100%2] AAES B2 H, 25 mA/em?ol|A] 154]7F0] 2| whS o
100%2] AAE&S JePith 9% T8 28 S & &= gl%o) ¢

F2 AFLEE AFEE W e A EsS e ATke] 4

= & T Uth 2 AFEEelA COD AAEET}F wErh=
% Jd s B ARt Skl
100%2] Electrolysis under current control -]
sUT AAEES Pl ¥ B2 oflvfA]
Qaprh= Zis vt B3k A AR L o el A=
, A7719] A0l ST wlEell A

T Qo] A AFE oA stolof gtk weba] A
]LV(] ZH|o} AN, AR T2 FEA & aeleiA 3

3-2. pHO|l IF2 S
pH= 713k 34 9] Adsoll Y&Fe T A= deA v
17

A715k8r 374 olx oD A|A vt pH| &2 L zetr] 9ist
o] AFUE 15mA/em?, &5 25 °C, Na,S0, 5% 5 g/L= 173
F10l BEgE ZIaERleh Aok pHEl o] v AL

Aoz vepth 2" At 9] pHE 2tolef of g 1 dh= 7] 9]
ST ¥1= pHE] FFo] mu]h 2102 yebdA| Rt ¢4 g
oA B0l Ad 49l pHellA 8 coD AlA &) 7H w3k,
pH7} Z7Fgkel| kel COD A|A&o] S7hE o] A717d FefelA A

o AAES LRl 3L Bk B AT A3 9713451 |
8-3F COD AAAA wu)gt 2poi= IA|nk pHE| FF2 w4 4
Table 6. Experimental parameters (Effect on current density)
Applied current density (mA/cm?) 5 15 25
k,, (10° m/s) 2.59 2.59 2.83

35 T T 1 T - T
—— 5mA/cm2 model prediction ——5mA/cm2 model prediction
—— 15mA/cm2 model prediction | | ——15mA/cm2 model prediction
30 25mA/cm2 model prediction 25mA/cm2 model prediction
o™ ’ o 5mA/cm2 experiment data 087
é O 15mA/cm2 experiment data | |
~ O 25mAl/cm2 experiment data
o
©° 06
1S
~ LLl
c 0
Rel
J 04f
Q
8]
c
o)
]
0.2r
0 . o i 0 I ]
0 5 10 15 20 0 5 10 15 20

t/hr

t/hr

Fig. 3. Experimental data with Temporal Variation COD and ICE (Instantaneous Current Efficiency) (Effect on current density) at COD=

32 mol O, m, T=25°C, pH=7, Na,S0,=5.5gL".
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35 T T T
—— Initial pH 1.7 model prediction
—— Initial pH 7 model prediction
30 1} ~— Initial pH 12.3 model prediction | 7
O Initial pH 1.7 experiment data
o) &) O Initial pH 7 experiment data
é 25¢ ‘ O Initial pH 12.3 experiment data | |
[\
o
© L 1
£ 20
~
c
Kel
® 151 1
®
o
3 10 1
(&)
5 - 4
0 S
0 5 10 15 20

t/hr

1 T T T .

—— Initial pH 1.7 model prediction
—— Initial pH 7 model prediction 7
— Initial pH 12.3 model prediction

0 5 10 15 20

Fig. 4. Experimental data with Temporal Variation COD and ICE (Instantaneous Current Efficiency) (Effect on pH) at COD=32 mol O,m>,

j=15 mAcem, T=25°C, Na,S0,=5.5 gL'\,

Table 7. Experimental parameters (Effect on current pH)
pH 1.7 7 12.3
k,, (10° m/s) 251 2.67 2.65

& Z o et
3-3. Mol s=0f mE S
A vk i}ﬁ‘“ml i*ﬂﬂ@i‘ilﬂ el b2 919
O|RAEE 7HRILE Mald w0 Tk w5l AVHEEE T
TWAZICE A7 AR STk 73% 478 zdo] 7l wi= AR
U7} 57].5].131 A AFYTo)A= deto] 7FASH= ARES
ERATH31]. whEbA] COD AIAE, A5 2Re} =] Anle] S4
of|A A7138} T el AR JEE v I av) Qi

35 T T T
electrolyte 1g/L model prediction
electrolyte 5.5g/L model prediction
30 [ - electrolyte 10g/L model prediction |+
O electrolyte 1g/L experiment data
O electrolyte 5.5g/L experiment data
™ o5 | © electrolyte 10g/L experiment data | |
S
o~
(=]
° L ]
e 20
c
Qo
"@ 151 .
@
o
5
O 10 1
5 4
0
6] 15 20

t/hr

Merzouki= 27| 3}8H-8- o238t w5 ol|A Hald H7l 57}
of wat A AEL: F 2ol 7} YA H b A 9L 75 o=
H|7} S5 B uskic) sk g sha-Eo] 9le A9 A Y
2] 72 (pitting corrosion)dit-oll A=) T AR Loutar A
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Fig. 5. Experimental data with Temporal Variation COD and ICE (Instantaneous Current Efficiency) (Effect on electrolyte) at COD=32 mol

0,m>, j=15 mAem?, T=25°C, pH=7.
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Table 8. Experimental parameters (Effect on electrolyte)

2

o

Table 10. Central composite design with independent variables

Electrolyte concentration (g/L) 1 5.5 10 Run Coded variable levels COD removal (%)
k,, (10° m/s) 3.07 2.64 2.68 X X, X3 X4 Actual values Predicted values
1 -1 0 0 -1 76.6 814
ok 10 Ol ol 2 -l 0 0 0 853 88.4
& ek el At 3 1 0 0 1 9.1 953
4 0 0 0o -l 87 94.7
3-4. 3 z[X=} 5 0 0 0 0 98 97.4
ofuf gt Fgol| st A5} W2 5252 718717 00] H= 6 0o -1 0 1 100 100
A g 2 A7, ole] AN A X, Xy, Xy oo 7 1 0 0 -1 974 100
xZFEEARD 285 aFiA HARE yoll QS 7L s o o] 8 ! 0 0 0 160 100
28 W5o] el ojek B ARl W EA R AN A 190
- . 0 0 -1 0 -1 87 94.8
(response surface method), “12] 11 352 sh=7} A AH o] tf 51 i 0 X 0 0 083 914
do] AstAY, rlto] B7Fs3 A9 2k ¢ale]S(genetic b o0 0 X 100 100
algorithm), simulated annealing?} - global optimization & © = 13 1 0 0 - 97 100
T8 ST 1S]. 14 0 0 0 0 984 97.4
A7)sket $74 2] HA 2e 47 f18te] WS EHEAY L & 15 0 0 0 1 100 100
AFAAL (CCDyTHE 2 8-818lth HAshe 215 A7) f18) 16 0 1 o -l 87.3 94.4
A B WFEe] JBE FAN 1 FAME Mg 2 4 ) o b0 985 972
A ek R AR, pH, A8 B, AT 5 ooyl o
HHTE Al 92 g 22 x (AFEE), x,(pH), x5 o o o | 0 98‘4 o
A AE5E), x,(HSAITH SR 3F3l o™ Table 93} o] #3588 a1 0 -1 -1 q 100 100
At 2 0 0 0o -l 87.1 94.7
TR A G e wet 29718] A gk ol g3kl HAEE %1 23 0 0 0 0 983 97.4
Balar, AP U2 gEH A5E Bl s vgoR 240 0 0 1 100 100
MATLAB AZE g0 el WgSo] ofdr] s 7% 1 of 25 1 0 1 -1 97 100
 z710] A 9] 271914 BAEHT) 260 0 1 0 983 97.6
FAFAATH 28] AR 20712] A= THE CoD AA Lol i; (1) ‘1) i : igg igg
st AA AFA A REE o] &gk oS 7S Table 1001 YE} - . | . . 7 %0

LISIEE. Table 1001A] BE20] A% ATkt o2 gho] W) wA 2lx)at
0% Ukt o 47 o] gsje] coD AA LT} Sw4
= AJole] S 4 (15)9 2ol 23k Tk 0.2 vehglct.

COD Removal (%) =97.4 + 6.49x, — 0.09x, + 0.3x; + 6.06x,
—2.54x —0.064 — 0.12x3 — 3.31x7 — 2.42%,X, + 0.26x,X;
—4.25x; x4+ 1.34%,%5 + 0.1x,%, — 0.28%5%, (15)

FATPIAIEIH S o] g3le] -8t 22} 3|9 TRk mdle] nkAQl
a4 2 AEAe ddshs AR 0.982% Bl A =

=z
o

4
Ghe VRERSich, mebd 23} 319] T o] A AFE 7
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Table 9. Coded values of the levels

Level
Variabl

ariables I 0 T

Current density (mA/cm?, x;) 5 15 25
pH (x,) 1.7 7 12.3
Electrolytes (g/L, x3) 1 5.5 10
Reaction time (h, x4) 5 10 15
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